Abstract. Colorectal carcinoma is a major health concern worldwide and its high incidence and mortality require accurate screening methods. Following endoscopic examination, polyps must be removed for histopathological characterization. Aiming to contribute to the improvement of current endoscopy methods of colorectal carcinoma screening or even for future development of laser treatment procedures, we studied the diffusion properties of glucose and water in colorectal healthy and pathological mucosa. These parameters characterize the tissue dehydration and the refractive index matching mechanisms of optical clearing (OC). We used ex vivo tissues to measure the collimated transmittance spectra and thickness during treatments with OC solutions containing glucose in different concentrations. These time dependencies allowed for estimating the diffusion time and diffusion coefficient values of glucose and water in both types of tissues. The measured diffusion times for glucose in healthy and pathological mucosa samples were 299.2 AE 4.7 s and 320.6 AE 10.6 s for 40% and 35% glucose concentrations, respectively. Such a difference indicates a slower glucose diffusion in cancer tissues, which originate from their ability to trap far more glucose than healthy tissues. We have also found a higher free water content in cancerous tissue that is estimated as 64.4% instead of 59.4% for healthy mucosa.
Introduction
The diffusion of drugs, fluids, creams, and even unwanted hazardous chemicals in biological tissues is a research field with substantial interest in many clinical areas, such as poison treatment, cosmetics, pharmacology, and clinical research practice. In the particular case of biophotonics research, 1 the technique of optical clearing (OC) is used to reduce light scattering inside the biological tissues and create a temporary transparency effect that can be used to perform a diagnosis or a treatment procedure. [2] [3] [4] Natural biological tissues have in general high light scattering properties, which are a major drawback when optical technologies are to be used for diagnosis or therapy. The light scattering phenomenon limits tissue depth and beam collimation. [3] [4] [5] [6] Deeper tissue layers can be reached with imaging methods or laser therapy/surgery when using OC. [6] [7] [8] Several OC studies have been performed in the past 15 years using different optical clearing agents (OCAs) to treat different types of biological tissues with the objective of reducing light scattering.
1-3,9-12 OC treatments operate through two main mechanisms-tissue dehydration and refractive index (RI) matching. 13 These two mechanisms are associated with two flows between the tissue and the outside. The dehydration mechanism is associated with the water flow out of the tissue in the beginning of the treatment and the RI matching mechanism is associated with the agent flow into the tissue that takes in general a longer time. [13] [14] [15] As we have already discussed in a previous publication, 13 each of these fluxes can be characterized by a diffusion time and a diffusion coefficient. For this reason, the evaluation of the diffusion properties of OCAs in biological tissues becomes of high importance because their value can be used to characterize OC mechanisms.
The diffusion of OCAs in various biological tissues and blood has been studied by different research groups. Several researchers have used different methods to evaluate the characteristic diffusion properties during OC. [16] [17] [18] The evaluation of OCA concentration efficiency with tissue depth and improved contrast of contrast of optical coherence tomography (OCT) and second harmonic generation (SHG) images at deeper tissue layers were reported. 19, 20 The diffusion time and diffusion coefficient are particular to each tissue/OCA treatment. The diffusion times for some OCAs, such as dimethyl sulfoxide, 21 glucose, 14, 16, 22, 23 mannitol, 22 sucrose, 24 glycerol, 25 lactose, and fructose, 24 have been reported for various tissues and phantoms. The differentiation of glucose permeability has also been reported for normal and cancerous esophageal tissues. 17 A method has been recently proposed to evaluate the diffusion of OCAs using the OCT imaging method. 26 On the other hand, the determination of these diffusion properties can be made in a simple manner if we are able to work with ex vivo biological samples. 13 Such a method is based on evaluating the time dependence of collimated transmittance (T c ) and thickness of the samples. 13, 14 Additionally to the determination of the characteristic diffusion time and diffusion coefficient, the studies provide additional information, such as the free water content of the tissues, and can be used to discriminate between healthy and pathological tissues.
Colorectal carcinoma is a major health concern worldwide, presenting with high incidence and mortality rates. 27 Population studies have demonstrated that the risk of developing colorectal carcinoma is slightly higher in men than in women, and it generally occurs in patients older than 50 years. 28 As with any other type of cancer, colorectal carcinoma can be characterized by different stages of development: it begins with an uncontrolled cellular growth in healthy tissue, followed by the invasion of underlying tissues, and eventually spreads to other locations through the lymphatic system or the blood stream. 29 The colon and rectum are tube-like structures that are part of the gastrointestinal tract, being composed of several concentric layers, as represented in Fig. 1 .
In the particular case of colorectal carcinoma, adenomatous polyps start to develop in the innermost layer-the mucosa. 28 At later stages of development, polyps evolve into invasive adenocarcinoma which sequentially infiltrates the layers that compose the colorectal wall, first in the submucosa and eventually reaching the muscularis propria, the subserosal tissue or even the peritoneal lining or adjacent organs. 29 Due to this development sequence, early colorectal carcinoma detection is possible using endoscopic methods. In fact, imaging endoscopic methods are used currently to detect colorectal polyps 30 as the one displayed in Fig. 2 .
Apart from the traditional methods for colorectal carcinoma screening and diagnosis, such as conventional endoscopic imaging, computed tomography, magnetic resonance imaging, or positron emission tomography, 30 there are alternative methods that rely on optical technologies. Such methods are commonly designated as optical biopsy. 31 One such method is elastic scattering spectroscopy, 32 which is used for colorectal carcinoma detection through endoscopy. Using a broadband light that emits from the UV to the near infrared, the elastic scattering spectroscopy method is based on the measurement of scattered photons inside the tissue that did not change their wavelength. 32, 33 This method also has an imaging version and can be used to evaluate RI, size, and structure of subcellular tissue components. 34 Other common optical methods used for colorectal carcinoma detection are Raman spectroscopy, 31, 35 fluorescence imaging, [36] [37] [38] [39] [40] reflectance spectroscopy, 31, 37, 41 and OCT. [42] [43] [44] Other less common methods are also used for colorectal carcinoma diagnosis. An example is the measurement of the shape of the RI correlation function that according to authors of Ref. 45 can be used to distinguish between healthy and pathological colorectal tissues.
Several factors, like age, gender, or family history, may contribute to colorectal carcinoma development. Its genesis occurs when selected mutated cells start to clone themselves and their number proliferates in an uncontrolled manner. 28 Such differences between healthy and pathological tissues are not only interesting for pathologists to establish a diagnosis. They are also important to the application of optical methods. It is known that healthy and pathological tissues present different refractive indices, as was recently demonstrated by two research groups specifically for colorectal tissues. 45, 46 One of these groups 46 showed that at 964 nm, the RI of colorectal cancer tissues is higher than the RI of healthy tissues. Such study leads us to suspect that the other optical properties may also be different between healthy and pathological colorectal tissues of the colon. In the particular case of OC treatments, it has also been demonstrated for other tissues (breast tissues) that the diffusion properties of OCAs are different in healthy and pathological tissues. 25 Such differentiation between the diffusion properties of OCAs in healthy and pathological tissues might be used to develop/improve minimally invasive diagnosis or surgical procedures. Since colorectal carcinomas infiltrate from the mucosa to the deeper layers, a surgical laser could be used with an endoscopic system during an OC procedure and reach higher tissue depths, improving staging strategies, which in the case of rectal cancer may entail neo-adjuvant chemotherapy and/or radiotherapy.
Considering the possibility of using OC treatments in colorectal tissues to perform diagnosis or treatment procedures, we have studied the diffusion properties of glucose in colorectal healthy and pathological tissues. Our objective was to quantify the diffusion properties of glucose and differentiate both types of tissues from the results.
Materials and Methods
The method used in this research to estimate the diffusion properties of OCAs in biological tissues is based on the evaluation of T c and thickness during OC treatments of ex vivo tissue samples.
13,14
Tissue Samples
All tissue samples used in the present study were surgically resected from patients treated at the Portuguese Oncology Institute of Porto, Portugal, during a 6-month period. All patients enrolled in this study signed written consent previous to surgical procedures allowing for subsequent use of surgical specimens for diagnostic and research purposes. This has been approved by the Ethics Committee of Portuguese Oncology Institute of Porto. These samples were collected from a population of 15 individuals (12 men and three women) with ages ranging from 43 to 94.
Healthy and pathological colorectal mucosa samples were separated and preserved frozen at −80°C for a period of 12 to 24 h. A cryostat from Thermo Scientific™ (Waltham, Massachusetts), model Microm HM 550 was used to prepare samples with circular form (ϕ ¼ 1 cm) and 0.5-mm thickness. As the diffusion properties to be measured are mostly dependent on tissue hydration, we kept samples in saline for 10 min before initiating studies to mimic natural tissue hydration. The goal of our study was to compare normal and cancer tissues, both of which were processed using the standard protocol for freezing biological tissues. Consequently, we are sure that any discrepancy related to freezing should be minimal.
Optical Clearing Agents
After performing some preliminary studies, we prepared several glucose-water solutions to treat both types of samples. The solutions were prepared by diluting glucose in distilled water. The desired concentrations were obtained by performing control RI measurements of the solutions with an Abbe refractometer (λ ¼ 589 nm). The glucose concentrations in solution to treat healthy colorectal mucosa samples were 20%, 25%, 30%, 35%, 40%, 45%, 50%, and 54%. To treat pathological colorectal mucosa samples, the same solutions were used along with others containing 10% and 15% of glucose.
Measurements
As we have already mentioned above, this study is based only on T c and thickness measurements made from natural samples and during treatments with glucose-water solutions.
The T c measurements were performed using the setup presented in Fig. 3 .
The black dots above and below the tissue sample in Fig. 3 are used to fix the sample during measurements. In each study, a sample (healthy or pathological) was placed inside the black box presented in Fig. 3 and its T c spectrum was registered in the computer. Afterward, the solution containing glucose in a specific concentration was injected by a syringe to fill up the cuvette and immerse the tissue sample. The spectrometer software was programed to begin measurements at this time, and a complete study registers tissue spectra at each second during a 30-min period. A spectral resolution of 1 nm was adopted in all measurements. Each individual treatment with a particular tissue sample and a specific treating solution was performed three times with samples from different patients to average results. After the treatment is completed, the entire correspondent spectra are processed to create T c time dependence curves for specific wavelengths.
In addition to T c measurements, we have used the setup presented in Fig. 4 to measure sample thickness, both from natural and under treatment samples.
The micrometer represented in Fig. 4 had a precision of 0.001 mm. Using this setup, we measured sample thickness by inserting them in-between two microscope glasses with known thickness (d G ). The lower glass was a common microscope glass with rectangular shape (2.5 × 7.5 cm 2 ) and 1-mm thickness. The top glass had a square form with smaller dimensions (1.5 × 1.5 cm 2 ) to minimize pressure over the tissue E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ;
The same procedure was adopted during treatments. After measuring the thickness of the natural sample, we injected the treating solution into the middle of the microscope glasses. Measurements during treatment were made with a 15-s resolution within the first 2 min and with a 1-min resolution after that. For each particular treatment, three individual sets of measurements were made for each type of tissue, and mean thickness time dependence was calculated. 
Estimation of Glucose Diffusion Properties
To find the characteristic diffusion time of glucose in healthy and pathological mucosa, we performed the following steps: 13, 14 1. For each particular treatment, we calculated T c time dependence curves for individual wavelengths between 600 and 800 nm. Each of these curves was then displaced to have T c ¼ 0 at t ¼ 0.
2. The time correspondent to the beginning of saturation regime was identified, and the T c time dependence curves were trimmed at that time. This way we consider only the T c time dependence before the beginning of saturation.
3. Each of the trimmed curves was then normalized to its highest value to obtain a T c time dependence between 0 and 1.
4. After the previous steps, we have used CFTOOL in MATLAB to fit the data points in each T c time dependence with a curve described with Eq. (2). 2 When optimal fitting is obtained, a characteristic diffusion time τ is estimated as follows:
13,14
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 1 3 0
where d is the sample thickness and D OCA∕water is the diffusion coefficient of OCA or water.
5. Using the diffusion time values obtained for each dataset (each wavelength) from a particular treatment, we calculated the mean diffusion time of glucose for that particular treatment.
6. Using the various mean diffusion time values obtained from the various treatments with different glucose concentrations, we created a graph that presents the mean diffusion time values as a function of glucose concentration in solution. Studies were made for healthy and pathological mucosa, thus the graph presents both datasets. Each of the datasets was then fitted with a spline to evaluate the dependence between the glucose diffusion time and the glucose concentration in solution. Interpretation of this graph is made to retrieve results such as the correct glucose diffusion time in both tissues and their free water content in natural state.
7. Using the correct diffusion time values for glucose in healthy and pathological mucosa that we retrieve from the previous graph and samples thickness values at those times of treatment, we calculated the correspondent diffusion coefficients as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 4 5 8
A similar calculation was made to estimate the diffusion time and diffusion coefficient of water during the dehydration mechanism in both types of tissues.
8. A comparison was made for the diffusion time and diffusion coefficient values obtained in healthy and pathological mucosa, showing significant differences between the two types of tissues.
Experimental Results and Calculations
When we started measuring samples T c spectra, we immediately observed differences in natural spectra between healthy and pathological mucosa. Figure 5 presents the mean natural T c spectra for both tissues. As we can see from Fig. 5 , although T c levels are in the same order or magnitude for both types of tissues, the pathological mucosa presents clearer hemoglobin absorption bands (dips at 414 nm and not resolved dips at 542 and 576 nm) due to higher blood content than healthy mucosa.
Using all clearing solutions, we performed the treatments of healthy and pathological mucosa samples. Three studies with the same solution were performed with individual samples to obtain mean T c time dependencies. Figures 6 and 7 present the time dependencies obtained from some individual treatments of healthy and pathological mucosa.
As we can see from graphs in Figs. 6 and 7, healthy mucosa shows the beginning of the saturation regime at 5 min when treated with 20% and 54% glucose, and pathological mucosa shows the beginning of the saturation regime at 6 min for treatment with 20% glucose and at 5 min when treated with 54% glucose. The beginning of saturation is identified when T c reaches a maximum value and tends to stabilize. The saturation regime is identified by no effective net flux between the tissue and the outside. This means that on average, no water or OCA flows in or outside the tissue. 15 When this occurs, T c stabilizes, meaning that the T c time dependency does not vary with time. Depending on the OCA concentration used, after the saturation is reached, T c can stay invariant with time, it can decrease or it can increase, but for the treatments studied, we can identify the saturation regime even for a short time period. For treating solutions with higher water content than the free water in the tissue, T c tends to decrease after saturation is reached, indicating that some water back flux into the tissue occurs after saturation. For treating solutions with smaller water content than the free water in the tissue, T c tends to increase after saturation is reached, indicating that OCA continues to flow into the tissue after saturation. For the graph in Fig. 6(c) , the saturation beginning is identified at 4 min for shorter wavelengths and at 6 min for longer wavelengths. For this reason, in this particular case, we selected the value of 5 min as the beginning of saturation for the treatment of healthy mucosa with 54% glucose. For the treatments of healthy mucosa with 40% glucose and pathological mucosa with 35% glucose, we see that saturation is reached only at the end of 30 min. This means that for these treatments, in particular, glucose diffuses into the tissues during all the treatment due to equilibrium between the water in the immersing solution and the free water inside the tissue. 13 Such differentiation between the glucose concentration in the solutions for healthy and pathological mucosa allows for estimating different free water content values for healthy and pathological colorectal mucosa. We will perform such estimation below, after calculating the diffusion time values for glucose in the two types of tissues.
Biological tissues contain water in two different statesbound and free. Bound water is strongly connected to the other tissue components and cannot move inside the tissue or to the outside, except when a strong stimulation is applied. Free water, on the other hand, is located between the other tissue components and can easily move from one place to another or to the outside when stimulated to do so. According to Ref. 47 , when an appropriate stimulation like an OC treatment is applied to tissue, bound water can be converted into free water, and free water can be moved to the outside. The inverse path can also be possible depending on the applied stimulation. Bound water, on the other hand, cannot move directly to the outside of the tissue or vice versa. 47 The exchange of water between the bound and free states and between the free state and the outside can be described by the following equations: 47 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 3 1 3
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 2 7 0
In Eqs. (4) and (5), α 1 represents the exchange rate between the outside and the free state, and α 2 represents the exchange rate between the free and bound states. The differences inside parenthesis in both equations represent the difference between water concentrations in the various locations (or states) inside and outside the tissue. 47 We will now consider the beginning of the saturation regime in the various treatments presented in graphs of Figs. 6 and 7 to proceed with calculations and estimate the glucose diffusion properties in colorectal mucosa tissues. To perform such calculations, we have developed a personalized software application 48 that reads the spectra measured during the various treatments of a particular type of tissue and processes all data in sequential steps to calculate the OCA diffusion time. The first step done by this application after calculating the time dependencies for the selected wavelengths is done to split the T c time dependencies in two-one from the beginning of the treatment until the beginning of the saturation regime to be postprocessed and the remaining part to be neglected. 48 After neglecting the data, after the beginning of the saturation regime, each T c time dependency within a treatment is displaced vertically to have T c ¼ 0 at the beginning of the treatment and then normalized to its highest value, so they can be fitted with a curve described by Eq. (2). 13, 14 Figures 8 and 9 present similar graphs to the ones in Figs. 6 and 7 after performing these adjustments, but without considering the normalization procedure. No normalization was applied in the graphs of Figs. 8 and 9 for better visual perception of the individual time dependencies and to show that the behavior is accorded to the curve described by Eq. (2).
All T c time dependencies in Figs. 8 and 9 represent the experimental data from the beginning of treatment to the beginning of the saturation regime.
At this stage, the software application 48 allows the user to open a new window for fitting purposes. Such a window contains several subwindows, one for each dataset that corresponds to a particular wavelength. In each of these subwindows, the curve fitting tool of MATLAB™ is available to let the user select the appropriate equation for the fitting curve. Since the curve used to fit each dataset is the one described by Eq. (2), when a particular fitting is done the correspondent diffusion time τ is estimated for that particular fitting. We have performed this fitting procedure for every dataset (one per wavelength) within each of the various treatments performed with healthy and pathological mucosa samples. As a result of these fittings, we have obtained the mean diffusion time values presented in Table 1 .
The values in Table 1 were presented in Fig. 10 to show the dependence between the diffusion coefficient of glucose in healthy and pathological mucosa with glucose concentration in the clearing solution.
As presented in Fig. 10 , the curves show differences between healthy and pathological mucosa. Several results can be obtained by analyzing graphs in Fig. 10 . For healthy mucosa, we see that maximum glucose diffusion is obtained for a concentration of 40.6%. This means that equilibrium is established between the free water content in the tissue and the water in the treating solution for this case. As a result, the free water content in the healthy mucosa is 59.4% (100% to 40.6%).
For the case of the pathological mucosa, the maximum diffusion is observed in Fig. 10 for a glucose concentration of 35.6% (5% smaller than in healthy mucosa). This result shows the first difference between healthy and pathological mucosa and it means that pathological tissues have higher water content than healthy tissues. A free water content of 64.4% (100% to 35.6%) for pathological mucosa is estimated from the graph in Fig. 10 , meaning that cancer cells might steal water from surrounding tissues or alternatively bound water is converted into free water in cancer cells. Similarly, different water content results were already observed for other tissues. 25, 49 As discussed by authors of Ref. 25 , higher free water content in pathology relative to healthy tissues might be due to conversion of bound water into free water within colorectal carcinoma polyps. 25 Although the authors of Ref. 25 have studied glycerol diffusion in healthy and pathological breast tissues, they have found that the permeability coefficient to 60% glycerol in cancer tissues is 3.54-fold higher than in healthy tissues. These data are more or less related to the rate of glycerol turnover in healthy volunteers and cancer patients, which were significantly elevated in cancer patients. 50 Each curve in Fig. 10 shows a peak at a particular glucose concentration depending on the tissue type. These peaks correspond to optimized glucose diffusion into the tissues and their values are the characteristic diffusion time values of glucose into healthy colorectal mucosa (302.4 s) and pathological mucosa (325.1 s). This difference between the glucose diffusion time values indicates that glucose takes more time to diffuse into pathological mucosa. The reasons for this higher diffusion time in cancer tissue can be various. From one hand, it is known that OC has two main mechanisms. The first is tissue dehydration that is associated with a water flow out of the tissue. 2, 13 The second is the RI matching mechanism that is associated with OCA flow into the tissue. 2, 13 Considering these fluxes and since pathological mucosa has higher water content than healthy mucosa, a larger magnitude water flow out will slow down glucose flowing into the tissue. On the other hand, cancer cells might provide far more glucose traps than normal cells due to cancer cell higher rate of glucose consumption.
51 Figure 10 gives additional information. After estimating the diffusion time values for glucose, which characterize the RI matching mechanism, we can also estimate the diffusion time values for water in both types of tissues. Those values are also characteristic for the dehydration mechanism occurring in colorectal mucosa tissues. Considering the higher glucose concentration used (54%), we can consider that treatments with this solution will only stimulate tissue dehydration and no (or much less) glucose diffusion occurs. 13 For healthy mucosa, we see a diffusion time of 55.7 s for the water flowing out. In the case of pathological mucosa, the diffusion time is 58.4 s. Both these values are smaller than 1 min, as we have also verified for skeletal muscle under treatment with different OCAs. [13] [14] [15] The estimated values for the diffusion times of glucose and water in colorectal mucosa tissues allow for the calculation of the corresponding diffusion coefficients if we have the time dependencies of samples' thickness during the treatments with the individual glucose concentrations. To make these calculations possible, we have performed thickness measurements using the setup in Fig. 4 . For pathological mucosa samples, the maximum diffusion time is obtained for a treatment with 35.6% glucose and the minimum diffusion time for a treatment with 54% glucose. In the case of healthy mucosa samples, the glucose concentrations of interest are 40.6% and 54%. As an approximation, we have performed temporal thickness measurements from pathological mucosa samples during treatments with glucose in concentrations of 35% and 54%. For healthy mucosa samples, we used solutions with glucose concentrations of 40% and 54%.
Three sets of thickness measurements were made from individual healthy colorectal mucosa samples under treatment with 40% and 54% glucose solutions. The same methodology was adopted to measure thickness time dependencies from pathological colorectal samples under treatment with 35% and 54% glucose solutions. The mean results from these studies are presented in Fig. 11 .
Starting with 0.5-mm thickness in all samples, we see different time dependencies for sample thickness. In both tissue types, we see that higher glucose concentration used in the treating solutions originates a higher thickness decrease within the first 2 min of treatment. As we see from graphs in Fig. 11 , treatments with 54% glucose originate a strong thickness decrease at the beginning of treatment, followed with a stabilized thickness behavior for the rest of the treatment. Such behavior is consistent with the fact of unique water flow out of the tissue. On the other hand, the thickness time dependencies for pathological mucosa with 35% glucose and for healthy mucosa with 40% glucose show a significant and smooth sample thickness increase between the initial strong decrease and the final stabilized thickness behavior. Such time dependencies indicate the occurrence of smooth glucose diffusion into the tissues after the initial dehydration until the end of the treatment.
To calculate the diffusion coefficients that characterize the dehydration and RI mechanisms of OC, we need to use correct sample thicknesses in Eq. (3). To do this, we need to retrieve from graphs in Fig. 11 the sample thicknesses that correspond to the diffusion time values obtained from graphs in Fig. 10 . In this way, we started by fitting the discrete data in graphs of Fig. 11 with smooth spline curves, so we can obtain thickness values at precise times of treatment.
Considering each glucose treatment presented in graphs of Fig. 11 , we retrieved from the smoothed thickness data the sample thickness that corresponds to the diffusion time obtained from the same treatment in Fig. 10 . Using these values in Eq. (3) 2 along with the corresponding diffusion times, we have calculated the diffusion coefficients for glucose and water in healthy and pathological mucosa. Table 2 contains the characteristic diffusion properties of glucose and water that characterize the RI matching and dehydration mechanisms of OC in healthy and pathological mucosa.
The values in Table 2 are characteristic for the two main mechanisms in OC of colorectal mucosa tissues. We see that the dehydration mechanism is much faster than the RI matching because it occurs within the first minute of treatment as we have already seen for muscle tissue. 13 The RI matching mechanism takes a longer time to complete both in healthy and pathological mucosa. Regarding the diffusion coefficients of glucose, we have obtained a value of 5.8 × 10 −7 cm 2 ∕s for healthy mucosa, which is much closer to the 5.9 × 10 −7 cm 2 ∕s value that we have previously obtained for skeletal muscle. 13 Pathological mucosa shows a smaller diffusion coefficient than healthy mucosa possibly due to higher rate of glucose trapping by cells compared with normal cells. 51 
Conclusions and Future Perspectives
We have applied a robust method to estimate the diffusion properties of glucose in ex vivo colorectal mucosa tissues. The results of the present study have demonstrated different diffusion properties for glucose and water in healthy and pathological (i.e., cancerous) colorectal mucosa tissues. The dehydration and RI matching mechanisms of OC are perfectly characterized by the diffusion time and diffusion coefficient values that we have estimated for the treatments of healthy and pathological colon mucosa. We have also verified that pathological colorectal mucosa has higher free water content (64.4%) than healthy mucosa (59.4%).
Such information can be used for diagnosis or treatment procedures with other optical methods and to plan adequate OC treatments to use in such procedures, depending on the time of treatment available or the desired magnitude of the transparency effect to create in the tissues.
We plan to continue this line of research. Similar studies can be performed for other biological tissues to estimate the differences in the diffusion properties of OCAs to differentiate between healthy and pathological tissues. Since we have obtained differences between both types of tissues, we plan also to study the optical properties of healthy and pathological colorectal mucosa. By measuring the RI and estimating the anisotropy, absorption, and scattering coefficients of healthy and pathological tissues, we expect to obtain different values that will allow perfect identification and differentiation between the two. By gathering such data, diagnosis or treatment procedures can be developed or optimized to be used in the fight against cancer.
After obtaining the diffusion data for glucose and water on ex vivo tissues, we are planning to perform measurements in the future on an in vivo animal model to evaluate differences. However, based on our experimental data and direct measurements of tissue hydration for skin, 52 we can predict that tissue physiological reaction (which is delayed due to physiological reaction inertia) will correct the time response on a longer timescale. Nevertheless, we expect similar results to those obtained from ex vivo samples on a shorter time interval (<15 to 20 min). The differences observed between healthy and pathological tissues should also be expected for an in vivo study or even with a higher magnitude due to the different blood supply and vasculature network development of the two types of tissues.
Disclosures
No conflicts of interest, financial or otherwise, are declared by the authors. 
